Self-assembly process of poly(styrene-b-dimethylsiloxane) (PS-b-PDMS) was investigated by using the solvent-annealing with acetone, hexane and dimethylforamide (DMF) vapor. Solvent-annealing with hexane vapor yielded a mixture of cylindrical and spherical microdomains. Acetone and DMF vapors yielded well -oriented arrays of PDMS sphere dots with 17 nm in pitch. Voronoi analysis was applied to these self-assembled patterns and revealed that the quality of the ordering of acetone and DMF were 92% and 99%, respectively. DMF was a superior solvent for self-assembly of PS-b-PDMS for the application to the bit-patterned magnetic recording media (BPM). Self-assembled dot pattern with 12 nm-pitch, which is equivalent to 5 Tb/in 2 , is also demonstrated with N-methylpyrrolidone solvent vapor annealing. One of the important factors to align the PDMS sphere dots of the PS-b-PDMS by solvent-annealing is the miscibility of the solvent to the majority polymer.
Introduction
Block copolymer under a certain condition shows self-assembled patterns with smaller feature sizes than the size that the conventional photolithography can reach. There have been reported many efforts to utilize this material for fine etching mask formation in the fields of semiconductor [1] [2] [3] and magnetic recording [4] [5] [6] [7] [8] . Bit-patterned magnetic recording media (BPM) has been studied as a promising technology for delivering thermally stable magnetic storage beyond recording densities of 1 Tb/in 2 . This technology offers reading and writing of magnetic signals onto arrays of volumetric discrete magnetic dots 9 . In order to operate such system, tight placement of small-feature-size magnetic dots along circular data tracks with narrow size distribution is required. There have been reported many efforts to materialize the BPM [4] [5] [6] [7] [8] using the self-assembled block copolymer. Recently, we have reported the first successful track-following demonstration on a BPM using a 17 nm-pitch self-assembled block copolymer 10 . The challenge of the BPM aims to reach higher recording density of over 5 Tb/in 2 , which requires the dot pitch of 12 nm or smaller as well as uniform dot orientation. Reducing the molecular weight of the block copolymer will realize the small dot pitch, however the segregation energy between consisting polymer blocks becomes smaller and results in poor dot alignment. It is necessary to improve the self-assembly process in order to satisfy the challenges toward 5 TB/in 2 . Solvent-annealing is known as one of the approaches to order the self-assembly patterns [11] [12] [13] . The block copolymer is exposed to a solvent vapor under ambient temperature In this paper, we investigated the effect of the solvent-annealing to the ordering of PS-b-PDMS with feature size of 17 nm-pitch. Several solvent materials were examined and the relationship between the alignment of PDMS dots and the miscibility of the solvent to each polymer of the block copolymer was discussed. We have also demonstrated the alignment of PDMS dots with 12 nm in pitch.
Experimental

PS-b-PDMS
kg/mol total molecular mass, 2.9 kg/mol of PDMS and 8.8 kg/mol of PS) was purchased from Polymer Source, Inc. Hydroxyl-terminated PDMS (PDMS-OH), propylene glycol monomethyl ether acetate (PGMEA) and toluene were purchased from Wako Pure Chemical Industries Ltd. Hexane, N,N-dimethylformamide (DMF), Nmethylpyrrolidone (NMP) and acetone were purchased from Kanto Chemical Co. Ltd. All materials were used without further purification.
The surface of silicon substrates was covered with PDMS brush layer by spin-coating with a 0.5 wt% solution of PDMS-OH in PGMEA. The substrates were then annealed in vacuum at 170 o C for 24 hours. Un-reacted PDMS-OH was rinsed off with toluene.
PS-b-PDMS was dissolved in PGMEA to form a 1 wt% solution. The solution was spin-coated on the PDMS brushed substrates to form a film with Figure 1 . Dry nitrogen was bubbled into the solvent from the inlet at a rate of 50 ml/min and the samples were allowed to be exposed to solvent vapor at room temperature for designated time. The solvent-annealed samples were etched with CF 4 and O 2 plasmas to observe the PDMS microdomain with SEM (Scanning Electron Microscope). Sample preparation flow is schematically shown in Figure 2 .
Results and Discussion
The solvents used for the process were selected from acetone, hexane and DMF from the view point of solubility parameters. The solubility parameters of acetone and hexane are close to PS and PDMS, respectively, and strong affinities between the solvent and the polymer block were expected. Although its solubility parameter is quite different from the two polymer blocks, DMF was selected because of its sole miscibility to PS. The high selectivity to PS stabilizes the sphere morphology of the PS-b-PDMS microphase separation. Table 1 shows the characteristics of the solvents. Figure 3 shows the SEM image of the self-assembly of the PS-b-PDMS without solventannealing. PDMS portions are shown in white tone. It was found that PDMS formed a mixture of cylindrical and spherical microdomains in the PS matrix. Dots and cylinders deviate in their size and show poor ordering. Figure 4 shows SEM images of samples after solvent-annealing with various solvent vapors.
After 6 hours of solvent-annealing with acetone, PDMS dots similar in sizes were observed with well-ordered alignment as shown in Figure 4 (b). Since a mixture of dots and cylinders is still shown with 1 hour annealing (Figure 4(a) ), solvent-annealing with acetone requires some time for PDMS portion to segregate into ordered spherical microdomain. Acetone vapor is expected to be dissolved into the film and increased the elasticity of PS-b-PDMS layer. Increased elasticity results higher diffusion of molecules inside the film, making the PDMS microdomain to align in the most stable state, which is hexagonally packed structure in this case. Table 1 , hexane is miscible to PDMS but immiscible to PS. It seems reasonable that hexane solely dissolved into PDMS portion of the block copolymer film. As a result, the volume fraction of PDMS in the block copolymer increased and the stable morphology changed from the mixture of spherical and cylindrical microdomain to a cylindrical one. Note that large spots are observed in both images. They were found throughout the surface of PS-b-PDMS. The hexane vapor could have soaked the surface-PDMS up and aggregated the surface-PDMS into large spots. However, no evidence to support the assumption is observed so far and further investigation is necessary.
Figures 4(e) and 4(f) show SEM images of the PS-b-PDMS treated under DMF vapor for 1 and 6 hours, respectively. Spherical microdomain dominates with 1 hour exposure. Self-assembly proceeds with annealing time, and almost perfect alignmnent of hexagonal dot array is achieved with 6-hour annealing as shown in Figure 4 (f). Although the vapor pressure, that is the amount of dissolved vapor, of DMF is relatively low compared with the other solvents, ideal alignment of the PDMS dots is achieved with DMF vapor.
The mechanism of solvent-annealing is softening the polymer film and making the polymer more diffusive. In such point of view, it is essential that the solvent is miscible to at least one of the consisting block of the block copolymer. It was found that the dominant factor that determined the alignment of PDMS dots was the miscibility of the solvent to PS block. Since PS constitutes a matrix of the PDMS sphere dots, it is essential to raise the elasticity of the PS matrix in order to align the PDMS dots well. Acetone and DMF are both miscible to PS block and therefore they are effective for highly ordered alignment of the PDMS dots, while hexane, which is non-selective to PS, is not a favorable solvent.
Although acetone and DMF are both miscible to PS, DMF seems to give better segregation than acetone. Since acetone is selective to both portion of the block copolymer, it swells into both PS and PDMS phases. The existence of acetone in both blocks balances their solubility parameters and results in a decrease in the segregation energy between PS and PDMS as described in Equation (1) . On the other hand, DMF is selectively dissolved into PS block and leads to the absence of the solvent in the PDMS portion. The localization of the solvent to the PS portion increases the solubility parameter of PS portion and increases the segregation energy between PS and PDMS. Therefore, DMF is one of the favorable solvent to the solvent-annealing of the PS-b-PDMS for a phase-separation of the two consisting domains.
For the application to the BPM and lithography, it is necessary to analyze the degree of ordering of the PDMS dots pattern. . This increase evidently shows that DMF is a superior solvent compared to acetone due to its sole miscibility to the PS matrix as discussed above.
From the understanding described above, self-assembly of the block copolymer having smaller molecular weight (7 kg/mol of PS and 1.5 kg/mol of PDMS) was tried by using the solvent-annealing with DMF. However, the solvent-annealing resulted in the dewetting of the polymer film. To avoid the dewetting, it is necessary to reduce the vapor pressure of the solvent. Then, N-methylpyrrolidone (NMP) was chosen. It has a high miscibility to PS and a poor miscibility to PDMS. Its solubility parameter and vapor pressure are 23.1 and 0.32 at 20 o C, respectively.
Figures 6(a) and 6(b) show SEM images of the self-assembled PS-b-PDMS film with smaller molecular weight processed with thermal annealing and solvent-annealing, respectively. Solvent-annealing with NMP vapor gave well-ordered PDMS dot-pattern with approximately 12 nm in pitch. This pitch is equivalent to the recording density of 5 Tb/in 2 in BPM. The morphology of the thermally annealed copolymer is still a mixture of both cylinder and sphere phase with poor ordering. The degree of ordering is not as good compared to the case of 17 nm-pitch block copolymer. This is due to the reduction in the segregation energy N to with the molecular weight as described in Equation (1) . Further optimization of the process conditions for increasing the diffusivity of block polymers is necessary.
PS-b-PDMS was investigated by using solvent-annealing under solvent vapor of acetone, hexane and DMF. Solvent-annealing with hexane vapor yielded a mixture of cylindrical and spherical microdomains. Acetone and DMF vapors yielded well-oriented arrays of PDMS sphere dots. Estimation by the Voronoi analysis revealed that the quality of the ordering of acetone and DMF were 92% and 99%, respectively. It was shown that DMF was a superior solvent for self-assembly of PS-b-PDMS. One of the important factors to align the PDMS sphere dots of the PS-b-PDMS by solvent-annealing is the miscibility of the solvent to the majority polymer.
From these understanding, we have demonstrated the solvent-annealing process for a block copolymer having a pitch size of PDMS dots as small as 12 nm. The process was successful and a better alignment compared to that obtained by thermal treatment was observed. 
